The objective behind this study is to select a suitable inorganic packing material for methane biofiltration. Three packing materials are to be compared: two rock materials (average particles' sizes: 2 and 5 mm) and one porous clay particles (average particle size of 7 mm). The main parameter used to assess the efficiency of the packing material is the methane elimination capacity. The study reveals that the rock material having an average particle size around 2 mm is to be preferred. This result is probably due to its high specific surface area and to its good surface properties as compared to the other 2 tested porous materials. The influence of the nonirrigation with the nutrient solution of the biofilter is also investigated. It has been found that nonirrigation of biofilter causes the biofilter performance to decrease significantly (e.g., 45% decrease in 1 week) even with the humidification of the gas phase prior to its introduction into the biofilter.
Introduction
Methane (CH 4 ) is the most important greenhouse gas (GHG) after carbon dioxide (CO 2 ). Its worldwide contribution to the greenhouse effect is estimated to 15% while for CO 2 , it is 78%. Methane has a global warming potential of 21, when compared to CO 2 , for a lifespan in the atmosphere of around 12 years [1] . Methane emissions are encountered in agriculture, in the energy sector, and in landfills with the latter being responsible for 25% of the total CH 4 emissions in Canada. It is to be noted that around 60% of the total worldwide emissions of CH 4 are of anthropogenic sources [2] .
To avoid direct emissions into the atmosphere of the deleterious CH 4 , biofiltration can be used. This bioprocess involves microorganisms that biodegrade the target pollutant. The interest given to biofiltration is due to its operational cost, generally considered as lower than other elimination techniques such as the flaring. For a successful operation of a biofilter, a solid phase, also called packing material, on which the microorganisms attach and then grow, is required. Nonoptimized selection of the packing material generally yields an inefficient biological process [3] while its optimization results in lower footprint requirements.
Packing materials that may be used during CH 4 biofiltration are grouped into 2 main categories: organic and inorganic materials. Organic materials include composts and soils and are generally considered by several authors as the preferred materials [4] . The main advantages of those materials are that they are easily accessible and can naturally contain methanotrophic bacteria, which exclude the necessity of an inoculation, and may result in lower start-up period (down to 1 week with compost materials and 2 weeks with soils [5] ). Another advantage is that they contain nutrients, such as nitrogen and phosphorus, which are necessary for the growth of microorganisms. However, it is important to make sure that the intrinsic concentrations of the bioavailable ammonium and nitrite are minor since both compounds are known to inhibit the CH 4 biodegradation [6] .
Among organic materials, compost materials seem to be the most efficient, as compared to soils (this is due to the higher availability of nutrients in composts rather than 2 International Journal of Chemical Engineering in soils) [7] . Nevertheless, experiments conducted up till date with composts have revealed their tremendous limit during long-term experiments (the lifetime being in general <6 months), the suspected reasons being the compaction of the packing material, that results in an increase of the pressure drop and the apparition of channelling problems in the biofilter, and the depletion of its nutrients' content with time [8] .
The inorganic packing materials have been, up till date, of minor interest during CH 4 biofiltration compared to the organic materials because traditionally they are not used alone. Nevertheless, some authors use them as an additive to improve the mechanical properties of organic materials, which reduces the risks of settlement during CH 4 biofiltration [9] . This group includes natural and manufactured materials such as rocks, ceramics, glass, polyurethane foam, and many others. When used during biological processes, they offer several advantages, such as a good mechanical resistance, as compared to organic materials. Furthermore, their physical properties (e.g., porosity, specific surface area, etc.) can be more easily adjusted according to the requirement of the bioprocess. However, their main disadvantage is that they generally do not contain any nutrient and, in some particular case, have high densities [10] .
Very few experiments using these inorganic materials for CH 4 biofiltration, especially when there is no tricking, are presented in the literature. In the first one, reported in 1993, a synthetic material composed of glass tubes 10 mm long and with an 8 mm diameter was tested for biological CH 4 elimination during a biotrickling experiment. For an empty bed retention time in the biofilter of 20 minutes, a 90% CH 4 conversion was reached when CH 4 concentrations were approximately between 1.6 and 6.5 g/m 3 [11] . Also, crushed porous clay was used for CH 4 removal in an open biofilter built on a real landfill site. The CH 4 inlet load varied from 0 to 247 g/m 3 /h (median value = 9.5 g-CH 4 /m 3 /h, arithmetic mean = 19 g-CH 4 /m 3 /h) according to the natural cycle of CH 4 emissions within the landfill. Elimination capacities (ECs) of up to 80 g-CH 4 /m 3 /h were obtained, in spite of a possible oxygen limitation occurring in the biofilter [12] . Finally, Nikiema et al. [13] compared 2 filter materials: an organic (compost) and an inorganic material. Their study revealed that the inorganic material can give elimination capacities 2 times higher than those with the organic material (typically 36 versus 15 g/m 3 /h for the inorganic and the organic materials, resp., for an IL of 75 g/m 3 /h).
Following the previous study, the aim of the present one is therefore to continue the investigation relative to the use of inorganic packing materials in CH 4 biofilters as packing materials. Three commercial inorganic materials are selected and compared to find the one that appears to be the most efficient, when used as a packing material in a CH 4 biofilter. The selection of these 3 materials is made based on their availability. Two of these materials are rocks while the third one is porous clay. Several authors have studied the influence of the gas flow rate and of the interruption of the irrigation for biofilter treating several pollutants, such as the volatile organic compounds [14] . However, to our knowledge, only the work published by Nikiema and Heitz [15] was directly related to CH 4 biofiltration. To improve the knowledge of the influence of these parameters, a study has been performed and the results will be presented in the second part of this paper.
Material and Methods
The packing material 1 (PM1) is a spherical synthetic material made of expanded porous clay. It has an average particle size of around 7 mm. The packing material 2 (PM2) is a rock material having nearly a diameter of 5 mm. Packing material 3 (PM3) is a rock material having an average particle size of around 2 mm. Additional properties of these 3 materials, such as their densities, water holding capacity, external specific surface area (A s ) (i.e., excluding the surface of the microinternal pores which are generally completely covered during the biofiltration) and calculated from a method based on Jorio [16] , and void fraction in the biofilter, are available in Table 1 . As a pretreatment, all materials were rinsed with water to eliminate possible impurities present at their surfaces.
The flowsheet of the up-flow biofiltration system is presented in Figure 1 . Each biofilter is an assembled cylindrical tube comprised of 3 identical components, each being packed with around 33 cm in height of packing material (total height of packing material within each biofilter: around 1 m). The internal diameter of the biofilter is 0.15 m, which led to a total reactive volume around 0.018 m 3 . The provided CH 4 comes from a cylinder filled with almost pure methane (99% V/V) purchased from Praxair Inc. (Sherbrooke, Canada). To generate the polluted gas to be introduced in a biofilter, the pure CH 4 affluence is mixed with a prehumidified ambient air affluence (relative The parameters used for the description of the results defined in Table 2 are inlet load (IL), conversion (X), elimination capacity (EC), specific elimination capacity (EC sp ), and CO 2 production rate (P CO2 ). The follow-up of the biofilter performance, that is, concentrations of CH 4 and CO 2 at the entry and exit of each stage, is achieved using two analyzers, one of total hydrocarbons from Horiba (Model FIA 510) and the other of CO 2 from Siemens (Model Ultramat 22P). The pressure drop is monitored through a differential manometer (Air Flow Development Ltd., UK, type 4). A T-type thermocouple, connected to a read-out unit (Omega, model DP465), was also used, to monitor the temperature. Figure 2 (a) represents the EC (g/m 3 /h), measured when steady state was reached in the biofilters packed with PM1, PM2, and PM3, as a function of the IL. It is to be recalled that steady state corresponds to a week period during which the variation of the EC with time, for a constant IL, is <5%. To perform the experiment, the flow rate of the polluted air introduced at the base of the biofilter is maintained at 4.2 L/min (i.e., an empty bed residence time of around 4.1 min) and the CH 4 concentration used is between 0.5 and 6.3 g/m 3 (higher CH 4 concentrations could not be tested for safety reasons).
Results and Discussion

Influence of the Packing Material.
In Figure 2 (a), a continuous increase of the EC with the IL is observed in all 3 packing materials. Further, the present study range highlights 2 main operation domains: firstly, a continuous linear increase of the EC with the IL when it is between 0 and 50 g/m 3 /h, and then, secondly, a deceleration favouring lower levels of increase in the EC with the IL when it is superior to 50 g/m 3 /h, which is confirmed by the decrease of the slope of the curve presenting the EC as a function of the IL. For example, with PM3, the slope is initially 0.70 when IL ≤ 50 g/m 3 /h (i.e., diffusion limitation) and decreases to 0.35 when IL ≥ 50 g/m 3 /h. This deceleration is probably a consequence of the saturation in the biomass performance (i.e., reaction limitation). The maximum CH 4 EC values for this experiment, measured at a CH 4 IL of around 90 g/m 3 /h, are 17, 38, and 50 g/m 3 /h within PM1, PM2, and PM3, respectively. This leads to the conclusion that PM3 is more efficient than the 2 others, at similar conditions, and seems to be an appropriate packing material for CH 4 biofiltration.
To explain this result, one can think of the fact that the A s values are different for the 3 packing materials (A s depends mainly on the particle size of the packing material and on its void fraction in the biofilter). For the present study, A s (PM3) is around 10% higher than A s (PM2) and 190% higher than A s (PM1). It is also commonly accepted that high A s values are favourable for pollutants' removal by biofiltration because the biofilm surface is increased, which causes an increase of the total amount of pollutant that is transferred from the gas phase to the biofilm. On the other hand, the effect of A s value on the biofilter efficiency is more and more obvious, as the IL is increased [9] . Typically, at the IL of around 90 g-CH 4 /m 3 /h (the highest IL tested for this study), EC (PM3) is 190% and 30% higher than EC (PM1) and EC (PM2) (Figure 2(a) ). This means that, at this IL, the 190% higher A s value of PM3 can explain its superiority, in terms of measured EC, as compared to PM1. However, for PM2 and PM3 (differences of 10% and 30% for the A s values and the EC, resp.), there is at least one additional factor (other than A s ) that also affects the packing material efficiency and accounted for 20% of the difference in the values of EC. This (or these) additional factor(s) can be related to the surface properties of packing materials.
Indeed, according to several authors, the fixation of microorganisms on a solid packing material depends on several parameters (combined herein through the appellation: surface properties), which can include the extracellular polysaccharide (EPS) production of the microorganisms, the roughness of the packing material surface, and also the charge and the hydrophobicity of both the microorganisms' cells and packing material surfaces [17] [18] [19] [20] . Therefore, some packing materials' surfaces can appear to be more or less suitable for some methanotrophs, which would result, in the CH 4 clogging occurs, which was not observed in our study), the surface properties of the packing material affect the overall CH 4 elimination process efficiency.
To determine the relative contribution of these surface properties of PM3 to its performance, the graph in Figure 2 (b) has been constructed. It represents the specific elimination capacity (EC sp ), expressed in g CH 4 eliminated per m 2 of packing material surface and per hour, as a function of the methane inlet load (g/m 3 /h) for the 3 tested packing materials. The A s remained almost constant because of the low biomass growth rates in the CH 4 biofilter [21] . EC sp represents the actual efficiency in CH 4 removal associated with a given external surface of packing materials. Since EC sp does not depend on A s , it therefore allows the comparison of the performance of the 3 packing materials in terms of their surface properties only. Consequently, high EC sp values are associated with good surface properties (favouring the attachment of active methanotrophs and the development of a biofilm).
From Figure 2(b) , it appears that, for inlet load <25 g/m 3 /h (i.e., CH 4 concentrations <1.6 g/m 3 ), the 3 packing materials are almost equivalent in terms of CH 4 removal per packing surface unit but, as the CH 4 IL increases, PM1 and PM3 reveals to be slightly better than PM2, with EC sp reaching values 20% higher than within PM2. For example, at an IL of 90 g/m 3 /h, one obtains EC sp of 0.036 and 0.037 g/m 2 /h, for PM1 and PM3, respectively, while for PM2, EC sp is 0.031 g/m 2 /h.
As an overall conclusion, if the EC of PM3 is superior to the EC of PM1, it should be mainly because of its high A s value. This means that if the A s of PM1 was increased (e.g., after reducing the particle size), it could theoretically perform as well as PM3. On the other hand, if PM3 is superior to PM2, it is because of both its high A s value (which contributed, in these experiments, to 1/3 of the difference in EC values measured between PM3 and PM2) and its better surface properties (i.e., 2/3 of the difference in ECs observed between PM3 and PM2). Therefore, even after increasing the A s of PM2, it should, in theory, remain less efficient than PM3 because it does not have good surface properties. Throughout this study, the total CO 2 production within the biofilter is monitored. In all 3 packing materials, it can be noted that both the EC and the P CO2 follow the same tendency. As a consequence, all trends of the P CO2 (g/m 3 /h) displayed as a function of the EC (g-CH 4 /m 3 /h) in the biofilter packed with PM1, PM2, or PM3 are linear (Figure 3) . From Figure 3 , it appears that 1.8 g to 2 g of CO 2 are produced per g of CH 4 eliminated by each CH 4 biofilter. This also means that no more than 65%-72% of the carbon in CH 4 is converted into CO 2 by the microorganisms during the biodegradation (Table 3 )-the remaining part is generally used for synthesis of EPS and new biomass [22] . The biofiltration of CH 4 reveals therefore to be very appealing, as compared to other chemical oxidation processes since it reduces the emissions of greenhouse gas CO 2 . The percentages of CH 4 converted into CO 2 in this study are in the same order of magnitude than those presented in the literature, which are 70% during CH 4 biotrickling and 60% during biofiltration of CH 4 in atmospheric air [11, 23] . The fact that the CO 2 productions are almost similar in all 3 biofilters could suggest that their biomasses were behaving similarly (e.g., similar bacterial growth rate), but microbial analysis has not been performed to confirm this hypothesis. Figure 4 displays the pressure drop as a function of time in the PM3 biofilter. Because of the particle bed size of PM3 (around 2 mm), as compared to the one of PM1 and PM2 (7 mm and 5 mm, resp.), a pressure drop between 20 Pa/m and 25 Pa/m, higher than the ones measured in biofilters packed with PM1 (<1 Pa/m) and PM2 (<2 Pa/m), is measured in the biofilter packed with PM3. However, there was no increase with time, over more than 6 months, of the pressure drop in all 3 biofilters. Indeed, variation of the pressure drop is usually the result of the excessive biomass growth in the biofilter, which happens not to be the case in this experiment at the tested operating conditions. Moreover, within the PM3-packed bed biofilter, the highest average temperature (30.6
• C) is obtained for an IL of around 90 g/m 3 /h and was between 1.5
• C and 3.4
• C higher than those in PM2 and PM1, respectively, under similar operating conditions (Table 3) .
Influence of the Flow Rate on Packing Material 3.
To determine the impact of gas flow rate variation on the efficiency of PM3, experiments have been conducted. Figure 5(a) shows the EC within the biofilter packed with PM3 as a function of the IL when the gas flow rate is maintained at between 1 L/min and 5.5 L/min. The CH 4 concentration is generally varied between 0.9 and 6.3 g/m 3 , except at 1 L/min, for which higher CH 4 concentrations, that is, reaching 11 g/m 3 , are also investigated. It is noted that gas flow rates of ≤2 L/min are preferable in order to obtain the highest EC. For a similar CH 4 concentration, the increase of the inlet gas flow rate causes an increase in the IL values and also of the EC. On the other hand, for a similar IL, the higher the GFR is, the lower is the biofilter EC. At a gas flow of 1 L/min, the critical load is ≥40 g/m 3 /h. It is to be noted that a similar study has been conducted previously using another inorganic packing material [15] and the same GFR operation range (≤2 L/min) was identified. Figure 5 (b) depicts, on the other hand, the CH 4 conversion as a function of the GFR for 3 methane concentrations, that is, 1.7, 4.7, and 6.3 g/m 3 . It is confirmed from Figure 5 (b) that the increase of the GFR from 1 to 5.5 L/min causes the conversion to decrease from 100% to 38%, which corresponds to a 14% decrease in the conversion after a 1 L/min increase in the GFR. For the lower methane concentration level (i.e., 1.7 g/m 3 ), the decrease in the conversion following the increase in the GFR begins at a GFR above 2 L/min, while for the other CH 4 concentrations levels, it starts at 1 L/min. This is the consequence of the fact that inhibition occurs more easily at high CH 4 concentrations than at lower CH 4 concentrations. Figure 6 illustrates the conversion as a function of time at a GFR of 5.5 L/min and a CH 4 concentration of 2.3 g/m 3 . This study aims at measuring the robustness of the biofilter packed with the PM3 packing material. At day 0, the biofilter is irrigated (after measurement of the biofilter performance) and is kept in operation without additional nutrient solution until day 18. It is to be noted that the gas introduced in the biofilter was continuously humidified at a level of around 90% of relative humidity. The nonirrigation of the biofilter causes the biofilter performance to decrease with time. For International Journal of Chemical Engineering example, it takes 7 days for the conversion to decrease from 63% to 35%. After that period, the conversion of the biofilter remains almost constant for an additional week (from day 8 until day 15). In overall, after 17 days of nonirrigation, the CH 4 conversion within the biofilter falls to 26% (a 60% decrease in the conversion). This decrease can be mainly attributed to the depletion of nutrients available for CH 4 elimination within the CH 4 biofilter. Once the irrigation is started again at day 18, a rapid recovery of the biofilter performance is noted. From day 18 to day 19, the conversion within the biofilter doubles to 50%. The day after, the conversion is only 13% lower than the normal value, that is, the one measured at days 0 and 1 (then the conversion continues to increase until reaching the value of day 0). This confirms that irrigation with a nutrient solution, in the case of inorganic packing materials, is a very important parameter for the effective elimination of CH 4 .
Influence of Interrupting Biofilter Irrigation.
Conclusion
The main objective of this study was to compare 3 inorganic packing materials to identify the most efficient for CH 4 biofiltration. Of these materials, PM3, the rock material having an average particle size of 2 mm appeared to be the most efficient compared to the 2 others (PM1: porous clay (∼7 mm) and PM2: rock (∼5 mm)). The reasons of its superiority are linked to the fact that it has the highest surface area and good "surface properties". The highest CH 4 EC was around 50 g/m 3 /h for an IL of 90 g-CH 4 /m 3 /h. With PM3, the gas flow rate must be kept under or at 2 L/min for best performance. In such conditions, it was noted that the biofilter conversion was at least of 80% for CH 4 concentrations of up to 6.3 g/m 3 . Also, this study revealed that irrigation of PM3 with a suitable nutrient solution is determinant for biofilter efficiency. Indeed, after 1 week without nutrient solution provision, it was noted that the CH 4 conversion within the biofilter was reduced by half. With all packing materials, the carbon dioxide production followed a tendency that was similar to the one of the EC. In addition, between 1.8 g and 2 g of CO 2 were generated in each biofilter per g of eliminated CH 4 .
